The equilibrium folding of the catalytic domain of Bacillus subtilis RNase P RNA is investigated by single-molecule fluorescence resonance energy transfer (FRET). Previous ensemble studies of this 255-nucleotide ribozyme described the equilibrium folding with two transitions, U-to-I eq-to-N, and focused on the Ieq-to-N transition. The present study focuses on the U-to-I eq transition. T he relationship between primary sequence and 3D structure is a fundamental issue in macromolecular folding (1, 2). Compared with the two-state folding behavior generally seen with small proteins (3, 4), RNA folding often involves metastable intermediates (5-9). This difference is attributed, in part, to the weakness of the protein interactions relative to the nucleic acid interactions, such as base pairing and stacking. Therefore, the free energy landscape for RNA folding is punctuated with deeper basins with populated folding intermediates (10-12). These intermediates can be populated under equilibrium, governed by thermodynamic (solvent and temperature) conditions, or transiently populated during nonequilibrium folding (13).
T
he relationship between primary sequence and 3D structure is a fundamental issue in macromolecular folding (1, 2) . Compared with the two-state folding behavior generally seen with small proteins (3, 4) , RNA folding often involves metastable intermediates (5) (6) (7) (8) (9) . This difference is attributed, in part, to the weakness of the protein interactions relative to the nucleic acid interactions, such as base pairing and stacking. Therefore, the free energy landscape for RNA folding is punctuated with deeper basins with populated folding intermediates (10) (11) (12) . These intermediates can be populated under equilibrium, governed by thermodynamic (solvent and temperature) conditions, or transiently populated during nonequilibrium folding (13) .
The catalytic domain (C-domain) of Bacillus subtilis P RNA is a good model system to address RNA folding because it folds without kinetic traps and is large enough to exhibit the folding phenomenology of large RNAs (14) . A minimalist folding pathway, derived from ensemble experiments performed as a function of Mg 2ϩ concentration, includes an unfolded state (U), a populated intermediate state (I eq ), and a native state (N). I eq is the thermodynamic reference state that establishes the stability of N; it represents the most populated species preceding N. The U-to-I eq transition, occurring at Mg 2ϩ concentrations Ϸ10-fold lower than that required for the I eq -to-N transition, has been proposed to consist of multiple transitions that were not resolved in ensemble measurements (14) . Elucidation of the structural and dynamic characteristics of these intermediates is crucial for understanding the folding of large RNA in general.
Single-molecule measurements look beyond ensemble averages to obtain novel and complementary information, as first demonstrated for ion channels (15) . With rapidly advancing fluorescence detection and microscopy capabilities, single-molecule studies are expanding to address questions related to structure and function in many biological systems, including enzymes (16) , molecular motors (17, 18) , transcription (19, 20) , and protein and RNA dynamics (21) (22) (23) (24) . Fluorescence resonance energy transfer (FRET) measurements have been used to track the conformational changes of single RNA or protein molecules, identify intermediates in RNA folding, and examine RNA-protein interactions (25) (26) (27) (28) (29) .
The objective of the present single-molecule FRET study is to further elucidate the U-to-I eq transition in the equilibrium folding of the C-domain of P RNA. Folding intermediates are revealed by investigating the single-molecule FRET efficiency (E FRET ) distributions as a function of Mg 2ϩ concentration. Single-molecule FRET trajectories are collected and analyzed to study the dynamics and further resolve the folding of intermediate states. The trajectories show considerable variation over the range of equilibrium folding conditions explored (0-5 mM Mg 2ϩ at 18 Ϯ 1°C). Analysis allows construction of a minimalist set of Mg 2ϩ -dependent free energy basins, which illustrate states and connectivities relevant to folding.
Materials and Methods
Sample Preparation. The FRET construct is shown in Fig. 1A . The 5Ј end of the C-domain was labeled with fluorescein (donor) by in vitro transcription with Ϸ20% efficiency. It is technically difficult to purify the 5Ј-labeled C-domain RNA from nonlabeled RNA. However, the acceptor-only-labeled RNA with direct excitation of Cy3 is effectively discriminated from the double-labeled RNA with the acquisition routine. To incorporate the FRET acceptor and biotin, the latter for immobilization to a streptavidin-coated coverslip (30) , the 3Ј end of the C-domain was extended by 24 nucleotides. The extension was then hybridized with a complementary DNA oligonucleotide covalently linked with biotin and Cy3 at its 5Ј and 3Ј ends. The hybridization efficiency was verified to be Ͼ90% by nondenaturing gel electrophoresis. The specificity of the avidin-biotinylated RNA attachment was verified to be better than 200:1. Surface-bound single molecules were kept in a flow chamber so that buffer conditions could be changed readily. The base buffer for all experiments was 10 mM Tris⅐HCl (pH 8)͞50 mM NaCl.
Ensemble Measurements. Ensemble fluorescence measurements were performed with a fluorimeter (RF-5301PC, Shimadzu) using a 488-nm excitation. Ensemble CD measurements were performed with a Jasco 715 CD͞absorption spectrometer interfaced with a titrator (Hamilton) (31) . Catalytic-activity measurements (32) were carried out by using the C-domain FRET construct shown in The 3Ј extension and its complementary DNA oligonucleotide do not interfere greatly with the C-domain folding to its catalytically active native structure (Fig. 2B ). The Mg 2ϩ midpoint, where 50% of the ribozymes show catalytic activity (K Mg Ϸ 1.5 mM), is almost identical to the value for the C-domain that lacks the 3Ј extension and DNA oligonucleotide (Ϸ1.3 mM) (32) . The Hill constant, n, of the folding transition of the construct is, however, larger than that of the C-domain that lacks both the 3Ј extension and DNA oligonucleotide; n increases from 3 to 6 Ϯ 2. The larger Hill constant of the ribozyme construct is likely to result from a shift in the thermodynamic reference state on the addition of the 3Ј extension and its complementary DNA oligonucleotide (34) . These results establish that the I eq -to-N transition occurs at [Mg 2ϩ ] ϭ 1.5 mM and that, therefore, the U-to-I eq transition occurs below that concentration.
The CD and UV absorbance measurements shown in ] ϭ 1 to 5 mM range. However, the activity assay clearly places this transition at 1.5 mM. U and N. The asymmetric shape of both distributions, except for the out-of-range values (Ͻ0 or Ͼ1) resulting from correction for background emission and crosstalk, are well fit as log-normal distributions (27) . The dashed vertical lines indicate that the average E FRET , ͗E FRET ͘, increases with Mg 2ϩ concentration from 0 to 5 mM, implying an increase in the population of more compact states.
Several control experiments ensure that the observed signal changes derive from RNA conformational change and compaction. Another finding is that even at [Mg 2ϩ ] ϭ 0.1 mM, at which the N population is undetectable (see Fig. 2B ), a significant fraction of the molecules exhibit FRET values similar to the FRET values exhibited by molecules of the N population (i.e., Ͼ0.8). This high signal correlates well with the ensemble data; that is, I eq can form at [Mg 2ϩ ] Ͻ 1 mM, and it adopts a conformation with all secondary structure, and some tertiary structure is formed (14) . Although the present single-molecule FRET measurements do not discriminate well between I eq and N, the rich and nontrivial evolution of the FRET distributions in Fig. 4 discloses new intermediates within the U-to-I eq transition.
Single-Molecule Dynamics and Nonergodic Behavior. In Fig. 4 , all single molecules at each Mg 2ϩ concentration are analyzed together without regard to their dynamic patterns. However, the FRET trajectories exhibit complex (i.e., multilevel) fluctuations among the intermediates identified in Fig. 4 and, therefore, reflect conformational dynamics of individual molecules. Unlike two-state systems, in which FRET trajectories fluctuate between two distinct levels in a ''binary'' series (35) , the present histogram and trajectory results reflect more complicated behavior. The histogram distributions constructed from different bin widths are invariant with respect to Ͻ100-ms dynamics; Fig. 4 is based on 5-ms binning, but the same basic shape is obtained from 50-ms binning. All trajectories at [Mg 2ϩ ] ϭ 0 and 5 mM exhibit constant values (with shot noise), suggesting that no significant conformational switches occur under thermodynamic conditions that strongly favor unfolded or folded ribozyme structures. By contrast, the FRET trajectories at [Mg 2ϩ ] ϭ 0.1 to 1 mM exhibit much greater variation. Although some traces exhibit anticorrelation between donor and acceptor channels, others do not fluctuate at all on the 10-s time scale before bleaching (Fig. 3) . Furthermore, for most trajectories at intermediate Mg similar to the folding of large proteins (24) . These factors make dwell-time analysis difficult to implement simply because the trajectories can fluctuate among FRET values that correspond to at least four states (Fig. 4) .
Therefore, a robust and minimalist analysis of the time trajectories in Fig. 3 is implemented. The whole FRET range is divided into three levels: low (Յ0.2), medium (0.2-0.8), and high (Ն0.8). Each single-molecule FRET trajectory is then classified as fluctuating (i.e., at least one conversion among the three levels) or nonfluctuating (i.e., those that do not undergo a conversion among the three FRET levels during the measurement time but may fluctuate within one FRET level). By using this description, a total of five subpopulations are found: three nonfluctuating classes corresponding to low, medium, and high FRET levels, and two dynamic classes with either low-tomedium or medium-to-high FRET fluctuations. Direct lowto-high FRET fluctuation is very rare. Molecules with low-tomedium and medium-to-high fluctuations are observed to be mutually exclusive within the 10-s time frame before bleaching occurs. This finding suggests that most molecules maintain a particular dynamic pattern for the time of the measurement. More ergodic behavior, however, may be achieved on longer time scales.
The FRET values obtained in each 5-ms bin width are histogrammed in the class to which each trajectory belongs; the results for [Mg 2ϩ ] ϭ 1 mM are plotted in Fig. 5 . There are three stationary classes (first, third, and last histograms), and two dynamic classes (second and fourth histograms). The degree of FRET overlap between the stationary classes and their adjacent dynamic classes can be considerable. The histogram is robust on extension of the sampling time window to as high as 5 s (1,000 time points), suggesting that the classification scheme of the five subpopulations correctly reflects the kinetic heterogeneity of the whole ensemble. This dynamical heterogeneity is further verified when the variance of each FRET trajectory is plotted against its mean value (data not shown). The molecules at [Mg 2ϩ ] ϭ 0 and 5 mM have the lowest variance, whereas at intermediate Mg 2ϩ
concentrations, the variance of the trajectories well exceeds the shot-noise level. Folding Free Energy Surface. The free energy surface representation is a powerful tool for elucidating RNA folding pathways. Folding may proceed along channels or funnels in the free energy surface (26, 36) . In the present case, the set of trajectories at every Mg 2ϩ concentration provides information about conformations and structures, dynamics, and the number of molecules, hence probability, in each class. A 2D energy contour plot can be generated based on the previous five subpopulation classifications. For simplicity, each of the five classes at a given Mg 2ϩ concentration is represented with a Gaussian peak function:
where F is the free energy corresponding to any conformational state defined by the FRET axis for a particular set of parameters, A, ͗E FRET ͘, and . ͗E FRET ͘ and are the mean FRET values and full-width half maximum for each of the histograms in concentrations. The preexponential factor, ϪA͞(͌/2), the maximal depth of the peak function, is proportional to the logarithm of the area under each of the probability distributions in Fig. 5 .
The energy landscape for the whole ensemble at each Mg 2ϩ concentration is the overlay of all peak functions. To visualize the energy landscapes better, one more axis that reflects the fraction of the formed folded structure is introduced, which helps to show the kinetic connectivities. The resulting 3D energy landscape representation is
[2]
Symmetric 2D Gaussian distributions are assumed for simplicity, where the index i refers to the specific distribution analogous to the distribution shown in Fig. 5 . The proximity of the basins and, hence, the barriers separating them are adjusted along the x axis to qualitatively reflect the interconversions or lack thereof. The ''degree of structure'' label is supported by the correlation between the change in single-molecule FRET and the change in ensemble CD and activity data. Although X i is an adjustable value, it seems reasonable that two basins with similar structures would interconvert more rapidly. Each histogram represents a particular class of molecules defined by its dynamic pattern. A transition͞fluctuation between any two FRET levels is defined to occur whenever FRET values of one class hop into another class and stay there for Ͼ50 ms (to distinguish from occasional transitions due to the shot noise seen on the 5-ms time scale). Shot noise is the reason why the distribution of any stationary͞nonfluctuating class exceeds its defined range. Percentages of the total population of 31 molecules are as follows: low, Ϸ8%; medium, 13%; high, 57%; low-to-medium, 4%; and medium-to-high, 18%. ], including shifts of the energetically favored basins, the width of each basin, and the kinetic isolation of each basin. Thus, these contour profiles give a more complete account of the intermediates that exist between U and I eq .
Discussion and Conclusions
Complex inter-and intra-class dynamics are observed for the equilibrium conformational fluctuations of the C-domain of P RNA. The nonergodic behavior presumably results from the large size of the C-domain (an Ϸ80-kDa molecule) and the distribution of secondary and tertiary structural motifs. Subpopulations undergo different structural interconversions on the seconds time scale.
The sometimes slow conformational transitions observed here contrast with the more commonly observed sudden jump transitions. However, slow transitions have been observed recently for the folding of a large (214-aa) protein (24) . This finding could reflect a fundamental difference in the multistate folding of large molecules; the structural transitions among basins involve a complex series of ''local'' conformational changes that may not occur cooperatively. Therefore, folding transitions are more accurately described as being under kinetic, instead of thermodynamic, control.
Kinetic heterogeneity has been invoked previously to explain large RNA folding. A kinetically isolated early folding intermediate has been inferred in ensemble studies of the entire P RNA molecule (37) . Folding occurs under kinetic control for a circularly permutated construct where the C-domain is connected by a single phosphodiester bond to the specificity domain (38) . Folding is faster and follows a distinct pathway when initiated from Mg 2ϩ -free compared with submillimolar preequilibrium conditions. In the latter case, preexisting secondary structures influence pathway selection resulting in the formation of a kinetically trapped intermediate, whereas folding from the Mg 2ϩ -free condition indicates that formation of native tertiary structure outpaces the formation of the trap-producing secondary structures. Different initial conditions also have a major impact on the folding behavior of the Tetrahymena group I intron (26, 39) . The folding surface has been characterized as having channels and a multidimensional landscape (36) , whose topography also involves an interplay and timing between secondary and tertiary structure. Because our base buffer contains 50 mM Na ϩ , it is likely that most secondary structures already exist for [Mg 2ϩ ] ϭ 0 mM (40) . Kinetic heterogeneity may arise from the slow interconversion between the native and nonnative secondary structures.
Furthermore, a slow rate of equilibrium conformational fluctuations is not entirely unanticipated for the C-domain folding. Although the results from our previous ensemble folding kinetics study would support rapid FRET and conformational changes without Na ϩ , the slow conversion for the present single-molecule equilibrium study in the presence of Na ϩ is consistent with the notion of folding channels that exhibit differential starting positions (26) . In the latter case, folding would require some (most) molecules to seek the channels along the increasing Mg 2ϩ concentration axis that lead to N. Na ϩ -induced pathway selection may necessitate conformational switching from one channel into another and, hence, would require climbing over an energetic barrier and would be much slower.
Although the present two-point correlation (3Ј and 5Ј ends) FRET measurement is not equally sensitive to all of the conformational space, three major structural changes can alter the distance of the FRET pair (Fig. 1B) . The first change involves the conformation of single-stranded nucleotides 81-85 and, hence, is unlikely to depend on the Mg 
